Using the Bethe-Salpeter (B-S) equations for heavy baryons Λ Q , Σ Q , Ξ Q and Ω Q (Q = b or c), which were established in previous work, we calculate the heavy quark distribution functions in these baryons. The numerical results indicate that these distribution functions have an obvious peak at some fraction, α 0 , of the baryon's light-cone "plus" momentum component carried by the heavy quark, and that as m Q becomes heavier this peak becomes sharper and closer to 1. The dependence of the distribution functions on various input parameters in the B-S model is also discussed. The results are seen to be qualitatively similar to an existing phenomenological model.
I. Introduction
A significant amount of experimental data have been accumulated on lepton nucleon deep inelastic scattering processes. From these data one can extract information on the parton distribution functions in the nucleon, which describe its nonperturbative hadronic structure. In comparison with the nucleon, much less is known about the parton distribution functions in other baryons such as Λ, Λ c , and Λ b . This is because it is impossible to produce targets of these short lived baryons suitable for experiments. Although the parton distribution functions in these baryons cannot be studied through deep inelastic scattering processes, it is still possible to obtain information on their parton distribution functions by measuring the fragmentation of quarks to baryons or the decays of these baryons. In fact, the parton distribution functions in Λ, Σ and ∆ have been calculated in the MIT bag model dressed by mesons [1] . In this paper, we will study the heavy quark distribution functions in heavy baryons.
The dynamics inside a heavy hadron is simplified by the fact that the light degrees of freedom in a heavy hadron are blind to the flavor and spin quantum numbers of the heavy quark when its mass is much bigger than the QCD scale [2] . This makes heavy flavor physics a good area for studying nonperturbative QCD interactions. In fact, with more measurements on heavy baryons becoming available [3, 4, 5, 6] , theoretical study of the structure of heavy baryons is becoming increasingly important.
The parton distribution functions are scale-dependent, and their evolution in the perturbative region is described by the famous Dokshitzer-Gribov-Lipatov-AltarelliParisi (DGLAP) equations [7] . However, to determine the parton distribution functions at some low energy scale (the boundary condition for DGLAP), one needs to apply either lattice QCD [8] or nonperturbative effective models. In the heavy quark limit, the light degrees of freedom in a heavy baryon have good quantum numbers which can be used to classify heavy baryons. Based on this fact, in a previous work we took the heavy baryon to be composed of a heavy quark and a light diquark. With this picture, we established the B-S equations for the heavy baryons Λ Q and ω Q (where ω represents Σ, Ξ, or Ω), and solved these equations numerically by assuming that their kernel contains a scalar confinement term and a one-gluon-exchange term [9] . It is the purpose of the present paper to calculate the heavy quark distribution functions in these heavy baryons in our B-S formalism.
In Λ Q and ω Q we have 0 + and 1 + diquarks, respectively. Since in the heavy quark limit the internal dynamics of a heavy baryon are described by the light degrees of freedom, we expect that the heavy quark distribution functions in ω Q and ω * Q should be the same. Furthermore, the differences among the heavy quark distribution functions in Σ Q , Ξ Q , and Ω Q should be caused by SU(3) flavor breaking effects.
The remainder of this paper is organized as follows. In Section II we derive the formulas for the heavy quark distribution functions in various heavy baryons in the B-S formalism. In Section III we present numerical results for these distribution functions and discuss their dependence on the parameters of the model. We also compare our results with the distribution functions of Guo and Kroll [10] . Finally, we give a summary and some suggestions for future work in Section IV.
II. Formalism for the heavy quark distribution functions
Based on the picture that a heavy baryon is composed of a heavy quark and a light diquark, it was shown that the B-S equation for Λ Q is [9] 
where χ P (p) is the B-S wave function in momentum space, G(P, p, q) is the kernel, S F and S D are the propagators of the heavy quark and light scalar diquark, respectively,
(m Q and m D are the masses of the heavy quark and the light diquark, respectively), P is the momentum of Λ Q , and p is the relative momentum of the two constituents.
Similarly, the B-S equation for ω Q takes the form
where G ρν (P, p, q) is the kernel and S µρ D is the propagator of the 1 + diquark.
In the heavy quark limit
where φ 0P (p) is a scalar function, and u Λ Q (v, s) is the Dirac spinor for Λ Q with helicity s and velocity v.
For ω Q there are three scalar functions, A, C and D, in the B-S wave function
where
The B-S equations have been solved numerically in the covariant instantaneous approximation, assuming the kernels contain a scalar confinement term,Ṽ 1 , and a one-gluon-exchange term,Ṽ 2 , with the following form
where κ and α (eff) s are coupling parameters related to scalar confinement and onegluon-exchange, respectively, where Q 2 0 is a parameter associated with the gluondiquark vertex, and where the parameter µ is introduced to avoid the infra-red divergence in numerical calculations, with the limit µ → 0 being taken at the end of the calculation.
The twist-2 heavy quark distribution function in A + = 0 gauge is defined as [11, 12] 
where ψ Q is the field operator of the heavy quark Q,
, and |B represents the heavy baryon state with the normalization B, P, λ|B,
(we have chosen the normalization conventionū B u B = 1).
We define the two-point function
and then the heavy quark distribution function can be expressed as
The parameter α in Eqs. (6, 8) corresponds to the fraction of the heavy baryon's light-cone momentum component, P + , carried by the heavy quark, Q. When it is in the range 0 ≤ α ≤ 1, Q(α) measures the probability to find the heavy quark with the "plus" momentum fraction α. In principle, in a heavy baryon there is a possibility to find a heavy antiquark, which is generated from the QCD vacuum. However, since we are considering heavy quarks with masses much larger than the QCD scale Λ QCD , it is very difficult to produce them from the QCD vacuum. Therefore, we neglect the heavy antiquark distribution functions. In other words, the valence heavy quark distribution function is the same as the heavy quark distribution function,
Since there is only one heavy quark in a heavy baryon we have the following normalization condition for Q(α):
The two-point function M(P, k) can be evaluated in our B-S framework. After some algebra we obtain for Λ Q in the heavy quark limit the result
The propagator of the heavy quark in the heavy quark limit has the form
where E 0 is the binding energy in the heavy quark limit.
We choose to work in the rest frame of Λ Q , in which we have k
Hence we find
The B-S wave function, φ 0P (p), can be expressed in terms ofφ 0P (q t ) ≡ dp l 2π
as [9] :
The constraint δ(k
Substituting Eqs. (10, 14) into Eq. (8), we integrate out k 0 with the aid of δ(k + − αP + ). Furthermore, the component k 3 can also be integrated out by choosing the appropriate contour. Then we arrive at the following result:
2 and where k
SubstitutingṼ 1 andṼ 2 in Eq. (5) into Eq. (15) and integrating out the angular coordinates we finally obtain
In deriving Eq. (16) we have used the following equations to reduce the three dimensional integrations to one dimensional integrations
and
where ρ(q Now we turn to ω Q . The two-point function M(P, k) in this case can be derived in a similar way and the result is
Substituting the B-S equation (2) into Eq. (20), using Eqs. (4) and (12), and working in the covariant instantaneous approximation, p l = q l (which ensures that the B-S equation is still covariant after this approximation), we have
through the following equations [9] :
obey the following three coupled integral equations
Once again, we first integrate out k 0 with the help of the constraint δ(k
then we further integrate out k 3 by selecting the proper contour which contains the pole in k 3 . With the aid of Eqs. (22-27), and noticing thatB
, we obtain:
where |p t | is given in Eq. (17) , and
So far we have been working with the heavy quark limit, m Q → ∞, of the B-S equation, but in Ref. [9] we also considered the 1/m Q corrections to the B-S equation for Λ Q . To order 1/m Q , the heavy quark distribution function in Λ Q is given by
where ∆Q Λ Q (α) denotes the 1/m Q corrections. To order 1/m Q , two more scalar functions appear in the B-S wave function, which can be related to φ 0P (p) in the model of Ref. [9] . Consequently, the B-S wave function to order 1/m Q is given by 
where again |p t | is given in Eq. (17).
The heavy quark distribution functions have been derived at some scale ν 0 , which is of the order of Λ QCD . The QCD running of these functions is controlled by the DGLAP equations. In our numerical calculations we will use the evolution code provided in Ref. [13] to give the heavy quark distribution functions at any higher scale. This will be done to the next-to-leading order. Since the QCD interactions are flavor independent, we can directly apply this code to the cases of heavy quarks.
It should be pointed out that the scale ν 0 cannot be determined in our approach.
We will treat it as a free parameter and leave it to be determined by the future experimental data.
III. Numerical results
In this section we will give numerical results for the heavy quark distribution functions based on the formulas presented in Section II. The B-S wave functions for Λ Q and ω Q were solved numerically in our previous work by discretizing the integration region (0, ∞) into n pieces (n is chosen to be sufficiently large and we use n-point Gauss quadrature rule to evaluate the integrals) and solving the eigenvalue equation with the kernelṼ 1 andṼ 2 in Eq. (5) in the covariant instantaneous approximation [9] . The normalization constants of these B-S wave functions are determined by the normalization of Isgur-Wise functions at the zero-recoil point. Substituting these numerical solutions into Eqs. (16, 28 ,33), we can obtain numerical results for the heavy quark distribution functions in Λ Q and ω Q .
In our model we have several parameters, i.e., α In Tables 1,2 Ref. [10] , also based on the quark-diquark picture, Λ Q is regarded as composed of a heavy quark and a scalar light diquark. The heavy baryon wave function
is proposed as a generalization of the Bauer-Stech-Wirbel [18] meson wave function to the quark-diquark case,
where N Λ Q is the normalization constant,ᾱ = m Q /m Λ Q , k ⊥ is the transverse momentum and the parameter b is related to the root of the average square of k ⊥ ,
The normalization of the wave function is
The heavy quark distribution function in this model is defined in the following
which leads to
Here k 2 ⊥ is defined as
from which, using Eq. (36), we have
We choose k 2 ⊥ to vary between 400MeV and 600MeV. For these two parameters we plot Q(α) at the hadronic scale in Fig.6 (a) and we plot αQ(α) at Fig.6(b) . We can see from these plots that the heavy quark distribution functions in this model have a similar shape to those found in the present B-S Table 6 . Notice that these values are independent of the value of m D in this model. Finally, it can be seen from Table 6 that both α 0 and f in this model are smaller than those in the B-S model.
IV. Summary and discussion
Based on our heavy quark and light diquark model for heavy baryons Λ Q and ω Q in the B-S equation approach, we have calculated the heavy quark distribution functions in these baryons. This was done in the heavy quark limit for both Λ Q and ω Q . Furthermore, 1/m Q corrections were also included in the case of Λ Q .
Our numerical results show that for different heavy baryons with the same heavy quark flavor the shapes of the heavy quark distribution functions are similar. At the hadronic scale, Λ QCD , they have an obvious peak at some "plus" momentum fraction carried by the heavy quark, α 0 , which is much closer to 1 for b-baryons than c-baryons. In addition, the widths of these distributions are much smaller for b-baryons than c-baryons. Furthermore, we have found that the peaks of the heavy quark distribution functions become lower and their widths bigger when the confinement between the heavy quark and light diquark inside a heavy baryon is stronger. The QCD evolution of these distribution functions were also discussed by applying DGLAP equations to the next-to-leading order and the results show that the distinction between b-quark and c-quark distribution functions is still obvious at high ν 2 . The evolution makes the amplitudes of the peaks much smaller, especially for the distribution functions in b-baryons. We also calculated the total "plus" momentum fraction carried by the heavy quark, which is much bigger for b-baryons than c-baryons. The dependence of all these numerical results on the parameters in our model was discussed in detail. We also checked the normalization condition of these distribution functions and found that it is satisfied. In addition, we compared our results with an existing phenomenological model for Λ Q proposed in Ref. [10] .
It was found that the shapes of the heavy quark distribution functions in these two models are quite similar, although the peak positions in the B-S model are closer to 1 than those in the model of Ref. [10] . We also compared our results for the heavy quark distribution functions with the general argument of Close and Thomas based on energy and momentum conservation. It was found that the peak positions of the quark distribution functions move closer to 1 and the peak values become bigger when the quark masses increase.
Although we cannot determine the exact value of ν 0 , the hadronic scale at which the heavy quark distribution functions are calculated, our results do reflect nonperturbative information in the heavy baryons Λ Q and ω Q . We have treated ν 0 as a parameter to be determined by experiment. Even though the heavy quark distribution functions cannot be measured directly from deep inelastic scattering processes, we can still expect to obtain some information about these functions from the decays of heavy baryons and fragmentation of heavy quarks to heavy baryons. In fact, the latter is directly related to experimental measurements of fragmentation processes. However, the theoretical extension to address fragmentation processes is more complicated. This is currently under investigation. 
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